Legionella pneumophila (Lp) is a water borne bacterium causing Legionnaires' Disease (LD) in 20 humans. Rapid detection of Lp in water system is essential to reduce the risk of LD outbreaks. 21 The methods currently available require expert skills and are time intensive, thus delaying 22 intervention. In situ detection of Lp by biosensor would allow rapid implementation of control 23 strategies. To this end, a biorecognition element is required. Aptamers are considered promising 24 biorecognition molecules for biosensing. Aptamers are short oligonucleotide sequence folding 25 into a specific structure and are able to bind to specific molecules. Currently no aptamer and thus 26 no aptamer-based technology exists for the detection of Lp. In this study, Systemic Evolution of 27 Ligands through EXponential enrichment (SELEX) was used to identify aptamers binding 28 specifically to Lp. Ten rounds of positive selection and two rounds of counter-selection against 29 two Pseudomonas species were performed. Two aptamers binding strongly to Lp were identified 30 with KD of 116 and 135 nM. Binding specificity of these two aptamers to Lp was confirmed by 31 flow cytometry and fluorescence microscopy. Therefore, these two aptamers are promising 32 biorecognition molecules for the detection of Lp in water systems. 33 34 Key words: Legionella pneumophila, aptamers, SELEX, flow cytometry, fluorescence 35 microscopy, Pseudomonas 36 37 38 Legionella pneumophila (Lp) is a pathogenic Gram-negative bacterium responsible for two types 39 of respiratory diseases, namely the severe pneumonia Legionnaires' Disease (LD) and the milder 40 flu-like Pontiac fever 1 . Lp occurs in both natural and engineered water systems and is one of the 41 most prevalent pathogens in man-made, engineered water systems 2 . Infections occur when the 42 bacteria are aerosolized, and the contaminated aerosols are inhaled; Lp can then infect and replicate 43 inside alveolar macrophages 3 . Modern water systems provide optimal transmission conditions for 44 Lp by generating aerosols 4 . Leading sources of infection are cooling towers, hot water distribution 45 systems, humidifiers, misters, showers, fountains, spa pools and evaporative condensers 5 . 46 47 Outbreaks of LD consistently occur globally and have increased in recent years. The average 48 incidence rate is about 10-15 cases per million people 6 . According to the Centre for Disease 49 Control, incidences of legionellosis have increased by four and a half times between 2000 and 50 2016 7 . The rise in LD outbreaks can be attributed to several factors such as aging infrastructures 51
INTRODUCTION
thiogalactopyranoside. For liquid culture, Lp was suspended in AYE (ACES-buffered yeast 139 extract) broth supplemented with 0.25 mg/ml L-cysteine and 0.4 mg/ml ferric pyrophosphate until 140 post-exponential phase (OD600 of 2.5). Pseudomonas putida KT2440 and Pseudomonas 141 fluorescens LMG1794, were first cultured on LB agar plates at 30 °C for 24 hours and then grown 142 in LB medium (Difco) until the cultures reached post-exponential phase (OD600 of 2.0). 143 Pseudomonas sp., Brevundiomonas sp., Bacillus sp., Staphlyococcus sp. and Sphingomonas sp. 144 were isolated from cooling towers as part of a different study (Paranjape, in preparation) . Briefly, 145 the bacteria were isolated on nutrient agar incubate at 30 °C. Isolates were the classified using 16S 146 rDNA sequencing. These strains were first cultured on nutrient agar plates (Difco) at 30 °C for 24 147 hours and then grown in nutrient broth medium (Difco) overnight until the cultures reached post-148 exponential phase (OD600 of 2.0-2.5). Bacterial Cell-SELEX procedure 164 Cell-SELEX was performed as previously described 28 . Each round of SELEX consisted of three 165 steps: Binding and elution, amplification, and recovery of ssDNA. Ten rounds of positive selection 166 and two rounds of counter selection were performed ( Figure 1 ). The first round of counter selection 167 was performed with P. putida KT2440; the second one with P. fluorescens LMG1794.
168
Binding and Elution: Cell-SELEX was performed with cells suspended in an artificial freshwater 169 medium (Fraquil) to replicate the physiological state of nutrient-limited environmental conditions 170 43, 44 . Fraquil was prepared as described previously 45 with a final iron concentration of 10 nM and 171 filter-sterilized using a 0.2 um filter (Sarstedt). Post-exponential phase cultures were rinsed twice 172 9 with Fraquil (6000 g, 15 minutes) and suspended in Fraquil at an OD600 of 1 corresponding to a 173 concentration of 10 9 CFU/ml. The concentration of cells was confirmed by CFU counts for each 174 round. The suspension was incubated at room temperature for 24 h. Fraquil exposed cells were 175 washed three times in 1X binding buffer (phosphate buffered saline with 0.1 mg/ml salmon sperm 176 DNA, 1% bovine serum albumin, and 0.05% Tween 20) at room temperature (25°C) using 6,000 177 g for ten minutes. The cell pellets were then suspended in 330 µl of 1X binding buffer. The aptamer 178 pool was denatured by heating at 95 °C for 10 minutes, cooled immediately on ice for 10 minutes, 179 and added to the cell suspension. Finally, 1X binding buffer was added to a total volume of 1 ml.
180
For the first round, 32 µg of the initial library was used. For the subsequent rounds, approximately 181 400 ng of aptamer pool was used. The final mixture was incubated at 25 °C for 1 hour with mild 182 shaking using a tube rotator at 150 rpm. Following incubation, the mixture was centrifuged at 6000 183 g for 10 minutes and washed twice with wash buffer (phosphate buffered saline containing 0.05%
184
Tween 20) to remove unbound sequences. To elute the bound sequences from the cells, the final 185 cell pellet was resuspended in 100 µl nuclease free water (Ambion) and heated at 95 °C for 10 186 minutes and immediately placed on ice for 10 minutes. After centrifuging at 6,000 g for 10 minutes 187 at 25°C, the supernatant was collected and purified using overnight ethanol precipitation at -20 °C 188 with 5 µg of glycogen as a carrier to recover the eluted ssDNA. The pellet was recovered, dried 189 and suspended in nuclease free water (Ambion). The concentration and quality of the ssDNA was 190 determined using a Nanodrop spectrophotometer (Thermofisher). For counter-selection the 191 supernatant containing the unbound sequences was collected and purified via ethanol precipitation, Tween 20). Next, approximately1 µg of PCR product was incubated with the magnetic beads for 207 10 min, mixing gently by inversion after every few minutes. The mixture was then washed in 1 ml 208 of washing buffer. Finally, the beads were incubated with 500 µl of 200 mM NaOH for 5 minutes.
209
The supernatant was then collected, and the FITC-labelled ssDNA was purified using ethanol 210 precipitation as mentioned previously and quantified with a Nanodrop spectrophotometer 211 (Thermofisher). The binding of the FITC-labelled aptamer pools from rounds 1 (R1), 6 (R6), 7 (R7), 8 (R8) and 10 223 (R10) to Lp was assessed using flow cytometry. Briefly, 35 nM of aptamer pools from each of 224 these rounds was incubated with 10 6 CFU/ml of Lp cells at 25 °C for 1 hour. Analysis was 225 performed on a Guava easyCyte (Millipore) using the green fluorescence channel. A total of 5,000 226 events were recorded. Unlabeled cells were used as a control to measure autofluorescence. The 227 Lp*GFP strain, producing strong green fluorescence from GFP, was used to adjust the gain of the 228 green fluorescence channel. For analysis, a gate was first defined based on the forward and side 229 scatters that included most of the cells. Then, a histogram of the number of cells vs the fluorescence 230 intensity was used to define a region named Green_Lp where cells were considered positive for 231 green fluorescence and therefore stained with aptamers. This region was setup to include very few 232 cells of the unstained control and therefore represent fluorescence above the autofluorescence.
233
Aptamer pools from R10 alone, without cells, was also analyzed to ensure that the aptamer alone 234 was not forming aggregates that would be confused with cells. counter-SELEX Pseudomonas strains as well as cooling tower isolates was tested using flow 258 cytometry. All cells were suspended in Fraquil and prepared as described above for cell-SELEX.
259
Briefly, 100 nM of R10C5 and R10C1 was incubated with 10 7 CFU/ml of the strain used for 260 SELEX (lp120292), another Lp strain (Lp02), the strains used for counter-selection (P. putida 261 KT2440 and P. fluorescens LMG1794), and the isolates from cooling towers (Pseudomonas sp., 262 Brevundiomonas sp., Bacillus sp., Staphlyococcus sp. and Sphingomonas sp.) for 1 hour at 25 °C 263 with mild shaking. The suspension was centrifuged for 10 minutes at 6000g to eliminate excess 264 aptamer and resuspended in Fraquil. These suspensions were then analyzed using flow cytometry 265 as described above. This experiment was done in triplicate. Cells suspended in Fraquil without any 266 aptamer added were used as controls. The percentage of bound cells was determined as described To monitor the progress of the SELEX procedure and ensure that the proportion of sequences 294 binding to Lp was increasing, the binding of the FITC-labelled aptamer pools from rounds 1 (R1), 295 6 (R6), 7 (R7), 8 (R8) and 10 (R10) to Lp was examined using flow cytometry. Cells incubated 296 with the initial aptamer library showed minimal fluorescence compared to the negative controls 297 (Figure 2, Lp Lib) . Cells incubated with aptamer from the first positive selection round showed a 298 drastic increase in fluorescence (Figure 2, Lp R1) . The saturation in the fluorescence intensity and 299 the percentage of bound cells starting at R6 suggests that the pool is dominated by sequences 300 binding to Lp (Figure 2 , R6, R7, R8, R10). A small decrease in fluorescence and percentage of 301 bound cells at R8 suggests that the first counter-selection step removed a few sequences. The 302 fluorescence intensity remains similar between round 8 and 10 indicating that the second round of 303 counter-selection did not remove Lp-specific sequences and that our strategy was successful in 304 retrieving aptamers binding to Lp. 
Specificity of R10C5 and R10C1
350 Figure 5A shows the binding of R10C5 and R10C1 to the strains used for counter-selection.
351
Around 60% of lp120292 cells are stained by R10C5, consistent with previous results shown in In conclusion, our cell-SELEX strategy was successful in identifying two aptamers binding to Lp 378 with high affinity (KD = 116 nM for R10C5 and 135 nM for R10C1). Whereas R10C5 seems to 379 stain Lp more strongly then R10C1, the latter seems more specific to Lp, showing minimal binding 380 to the counter SELEX Pseudomonas strain. Both aptamers showed minimal binding to cooling 381 towers isolates, indicating that the aptamers are suitable to detect Lp in complex water samples.
382
Modification of these aptamers could be attempted to further increase their affinity and specificity 383 23 to Lp. Nonetheless, these aptamers are promising candidates as biorecognition elements to develop 384 a biosensor to detect Lp in real time and in situ.
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